Abstract. Plants dynamically cope with the variability of mineral nutrient distribution in soil by constantly modulating nutrient uptake and shaping root-system architecture. The changes in root morphology in response to major essential elements are largely documented, but little is known about how the root system responds to magnesium (Mg) availability. Thirty-six natural accessions of the model species Arabidopsis thaliana were subjected to an in vitro screen for identifying variation in root system architecture in response to Mg availability. Response of root morphology was observed on 2-dimensional agar plates. Low Mg supply repressed the elongation of the lateral roots more than of the primary root. However, some accessions exhibited higher number and length of lateral roots than the reference Columbia-0. Across all accessions, the root morphological traits did not correlate with tissue Mg concentrations. Interestingly, shoot calcium and root phosphorus concentrations were positively correlated with the number and length of lateral roots, whereas root iron concentration was negatively correlated with the primary root length. The diversity of root phenotypes identified in this report is a useful resource to study the genetic component determining root morphology in response to Mg availability.
Introduction
Magnesium (Mg), one of the six essential macronutrients required by plants, fulfils numerous crucial physiological functions . Deficiency of Mg is a common nutritional disorder that affects crop production and quality, and affects animal and human health (Cakmak 2013; Verbruggen and Hermans 2013) . The Mg 2+ cation weakly binds to soil colloids because of its small ionic and high hydrated radius, and is therefore more prone to leaching than other cations (Grzebisz 2013) . Soil factors favouring Mg deficiency are suboptimal element concentration, acidity, sandy texture, high positive water balance or other sources of cation competition (reviewed in Gransee and Führs 2013) . One of the first observed signs of Mg deficiency in plants is a pattern of chloroses and necrotic spots between the leaf veins Jezek et al. 2015) . Studies on Mg-deficiency target sites have mainly focused on aboveground organs. This is because photosynthesis and sugar metabolism require the most predictable physiological functions of that element: metal ion coordination in the chlorophyll molecule, stabilisation of thylakoid stacking, activation of carbon dioxide fixing enzyme, and sugar phloem loading (Lemoine et al. 2013; Verbruggen and Hermans 2013; Chen 2014; Farhat et al. 2015) . Less attention has been paid to underground organs, which are essential for Mg acquisition in soil. Despite recent advances with molecular research into root Mg uptake systems , and references therein; Mao et al. 2014; Kobayashi and Tanoi 2015) , how root morphology determines the ability of the plant to access Mg resources remains poorly understood.
Arabidopsis thaliana is recognised as a model plant for fundamental research. A broad range of tools has enabled the study of the root development of that species with a high level of resolution (Petricka et al. 2012) . The root-system architecture, a term describing the spatial configuration of the root organ in its environment (Lynch 1995) , has been extensively characterised in a range of species in response to the availability of mineral nutrients. There has been considerable work quantifying Arabidopsis root morphological responses to nitrogen (N), phosphorus (P) and potassium (K) (López-Bucio et al. 2003; Ward et al. 2008; Hermans et al. 2010a Hermans et al. , 2011 Vidal et al. 2010; Kellermeier et al. 2013 Kellermeier et al. , 2014 but much less attention has been given to other major elements such as Mg. Only a few recent reports have describe the root phenotype of Arabidopsis seedlings grown on agar plates with low or high Mg supplies (Cristescu et al. 2013; Gruber et al. 2013; Guo et al. 2014) . Whereas the scarcity of nitrate and phosphate were described to trigger the proliferation of lateral roots (Hermans et al. 2006; Péret et al. 2014) , low Mg availability noticeably repressed lateral root branching. Those observations were made with Columbia-0 (Col-0) (Cristescu et al. 2013; Gruber et al. 2013) , an established laboratory standard accession.
Arabidopsis thaliana also offers a great opportunity to unravel variation in adaptive evolutionary responses to the environment (Alonso-Blanco et al. 2009 ). The genetic diversity provided by an ample number of natural accessions has set the foundation for several studies of root morphology under in vitro culture Kellermeier et al. 2013; Rosas et al. 2013; Ristova and Busch 2014) . Contextualising the natural variation of root-system architecture in laboratory conditions does not recreate all of the nutritional and biological interactions that may occur in the soil (Ohkama-Ohtsu and Wasaki 2010). However, such basic knowledge gained in Arabidopsis under a controlled nutritional environment can be exploited to develop crop root systems that are better at absorbing nutrients in the field (de Dorlodot et al. 2007; Smith and De Smet 2012) . Here, we report the root morphological changes in a panel of Arabidopsis accessions grown on agar media with contrasting Mg supplies. We ask whether: (i) the Col-0 root phenotype is a predictor of the whole species under conditions of Mg deficiency, (ii) natural accessions display different root morphologies, and (iii) rootsystem architecture relates to Mg concentration in plant tissues.
Materials and methods

Plant material and in vitro culture
We composed a panel of 36 accessions, which capture with minimum repetitiveness the genetic diversity of Arabidopsis thaliana (McKhann et al. 2004 ) and/or have contrasting Mg tissue concentrations (Baxter et al. 2012 ; Purdue Ionomics Information Management System database, www.ionomicshub. org). Background information collected on the accessions used in this study is presented in Supplementary table S1 (Supplementary Materials available on the Journal's website). Accessions were obtained from the INRA Versailles Resource Centre and Nottingham Arabidopsis Resource Centre. Seed batches were regenerated in the same conditions. Seeds were surfacesterilised with ethanol 70% (v/v) for 10 min and bleach 20% (v/v) for 5 min. Seeds were plated on 1Â Murashige and Skoog medium, with the N concentration modified to 6 mM KNO 3 , 1% (w/v) sucrose, 0.6% (w/v) agar (high gel-strength agar, A9799; Sigma-Aldrich, St. Louis, MO, USA) and pH 5.7 (Hermans et al. 2010a) . Magnesium concentrations in the growth medium were 5, 10, 25, 50 or 1500 (fully supplied condition) mM. In order to avoid inducing depletion of sulfur (S), Na 2 SO 4 salt was added as a replacement for MgSO 4 , as described in Hermans et al. (2010b Hermans et al. ( , 2010c . Plates were kept for 2 days at 48C to synchronise seed germination, and eventually placed in a growth chamber with a photoperiod of 16 h light (40 mmol photon m -2 s -1
) and 8 h dark at 218C. Seedlings were grown for 13 days after germination before measuring root-system architecture, biomass production or tissue elemental analysis.
Root system architecture analysis
Four plates containing five seedlings per accession (36 genotypes) and per Mg supply (5, 10, 25, 30 and 1500 mM Mg) were measured. Root-system architectures were scanned with a Perfection V30 (Seiko Epson, Tokyo) scanner at 400 dpi, and images were analysed with RootNav software (Pound et al. 2013 ). Trait measurement computations were then performed with RootNav Viewer. Specific trait measurements (see below) were programmed in C# and included in RootNav Viewer as a plugin. Lateral roots were disentangled on the plates for facilitating image analysis. Only lateral roots >1 mm long were considered for morphological trait calculations, to avoid artefacts such as scratches or imperfections in the agar medium. Parameters characterising the root-system architecture are listed in Table 1 and detailed in Fig. 1 . Following analysis of root-system architecture, roots or shoots of the five plants in each plate were pooled for measuring fresh weight. All statistical analyses were conducted using R software (R Core Team 2015) . Analysis of variance (ANOVA) in combination with Tukey's range test were used to determine the significance of difference between the means.
Principal component and hierarchical cluster analyses
Principal component analysis (PCA) was performed to reduce the dimensionality of the measured traits. Biomass production Length of primary root-zone 2 or branched zone, delimited between the first and last lateral roots; equals zero if N LR = 0 and
Length of primary root-zone 3 or basal zone, delimited between the hypocotyl junction and the first lateral root; equals
Length of primary root-zone 4 or apical zone, delimited between the last lateral root and the primary root tip; equals L PR if N LR = 0 DLR Z1 Density of lateral roots normalised to zone 1 (N LR /L PR ) DLR Z2 Density of lateral roots normalised to zone 2 (N LR /L Z2 ); equals zero if L Z2 = 0 and root morphological traits from all experimental treatments were used in the calculations. This way, the analysis captured the variation between accessions as well as the different Mg treatment conditions. The median value of each trait was calculated for every accession and every Mg concentration. The resulting variables were centred and scaled, and the singular value decomposition of the data matrix was calculated using the 'prcomp' function in R (R Core Team 2015). The resulting principal components (PCs) were used in the following hierarchical cluster analysis. Each accession was assigned the first three PCs from the five Mg concentrations. Based on these 15 variables, the Euclidean distance between accession pairs was calculated, and the distance matrix was used to construct a cluster dendrogram. Similarity groups were detected with a hybrid adaptive cutting method implemented by Langfelder et al. (2014) .
Tissue elemental analyses
Four plates containing 10 seedlings per accession (Col-0, Cvi-0, Fjä1-2, Ler-0, Lp2-2, Ors-2, Par-5, PHW36, Pyl-1, Sha, Ste-0, Tamm-2, Ull2-5, Ws and Yo-0) and per Mg concentration (10 or 1500 mM Mg) were harvested. Root and shoot organs were dried for 2 days at 608C. Dried samples were weighed (1-5 mg tissue), placed in small Pyrex tubes (10 by 70 mm) and digested with 1 mL of 7 N nitric acid (Roth GmbH) for 6 h, at 1208C in a block heater. Elemental analyses for Mg, P, S, K, calcium (Ca), manganese (Mn) and iron (Fe) were performed with a Vista-PRO Simultaneous inductively coupled plasmaoptical emission spectrometer (Varian Inc., Palo Alto, CA, USA). A plant tissue sample (SMR 1515 apple leaf) with certified elemental concentrations was processed for quality control.
Correlation between root morphological traits and tissue elemental concentration
The root morphological traits (Table 1) were correlated with the shoot and root concentrations of seven elements. Median values of root traits were calculated for each accession, and correlated with the log-transformed elemental concentrations of pooled plant tissue samples. This resulted in 15 data points, one for each accession included in this experiment. The R software (R Core Team 2015) was used to calculate the Pearson correlation coefficient and corresponding P-values for each trait-element pair for both experimental conditions (10 or 1500 mM Mg).
Results
Diversity of biomass production and root architectures in response to magnesium supply
Thirty-six Arabidopsis accessions were grown across a range of five Mg concentrations. Representative root phenotypes are shown in Fig. 2 . On average for the whole panel of accessions, the total fresh biomass significantly (P < 0.05) increased with Mg supply from 10 mM Mg (Table 2) . Accessions N13 and Sakata produced the lowest and highest total biomasses, respectively, at 5 mM Mg, and N13 and Gre-0 had the lowest and highest at 1500 mM Mg (Supplementary table S2 ). The root : shoot biomass ratio (R : S) at 1500 mM Mg was significantly (P < 0.05) lower than at all other concentrations, except 5 mM (Table 2) . Concerning the root morphological traits, the length of the primary root (L PR ) decreased between 50 and 1500 mM Mg but was still higher than at 5 or 10 mM Mg (Table 2) . Accessions Ull2-5 and Mh-1 had the shortest and longest primary roots at 5 mM Mg, whereas Fjä1-2 and Mh-1 had the two most contrasting L PR values at 1500 mM Mg (Supplementary table S3 ). The number of lateral roots (N LR ) significantly (P < 0.05) increased with Mg supply (Table 2 ). Accession PAR-5 developed no lateral roots and Ita-0 had the highest N LR at 5 mM Mg, whereas Tamm-2 and Mh-1 had the most contrasting N LR values at 1500 mM Mg (Supplementary table S3) . Finally, the sum of the lateral root lengths (SL LR ) significantly (P < 0.05) increased with Mg Table 1 ). 3.4 ± 0.8a 0.47 ± 0.12a 6.1 ± 1.1b 3.6 ± 3.0b 1.5 ± 1.5a 25 4.4 ± 1.0b 0.46 ± 0.09a 6.3 ± 1.2b,d 6.3 ± 3.9c 3.0 ± 2.5b 50 5.4 ± 1.4c 0.46 ± 0.11a 6.8 ± 1.4c 8.5 ± 4.6d 4.9 ± 3.6c 1500 6.2 ± 1.5d 0.40 ± 0.09b 6.5 ± 1.3d 9.6 ± 5.0e 5.5 ± 3.7d
5 µM Mg 10 µM Mg 25 µM Mg 50 µM Mg 1500 µM Mg The accessions are listed in Supplementary Materials table S1. Scale bar: 1 cm.
supply (Table 2) . Accessions PAR-5 and Ste-0 at 5 mM Mg and Tamm-2 and Akita at 1500 mM Mg had the lowest and highest SL LR values, respectively (Supplementary table S3) .
Principal component analysis and hierarchical clustering
We constructed a single PCA model that captured the variation between accessions, as well as between Mg concentrations. The first three PCs contained 90% of the variation. It was possible to visualise the direction of the main phenotypic changes in the different groups and individual accessions along the two first PCs (see Supplementary Materials fig. S1 ). PC1 was responsible for the largest part of the observed variance (59%), and its main contributor parameters were the root and shoot biomasses, N LR and SL LR (Supplementary fig. S1 ). PC2 explained 22% of the observed variance, and mainly comprised L PR and root apical zone length (L Z4 ). PC3 contributed 9% of the observed variance and represented primarily the length of the root branched zone (L Z2 ) and the root basal zone (L Z3 ). With increasing Mg supply, all the accessions moved along the PC1 axis, and this indicated higher biomass production and/or lateral root outgrowth (Supplementary fig. S1 ). By contrast, the PC2 direction showed only subtle changes, but was central for discriminating between phenotype groups, later identified in the cluster analysis (see below).
Identification of contrasting phenotypes in response to magnesium supply
The accessions were classified according to the biomass production (Supplementary table S2 ) and root morphological (Supplementary table S3 ) traits, which were measured at five Mg supply levels. An ascending hierarchical clustering based on the first three PC vectors defined four distinctive groups (Fig. 3) . Common characteristics shared by accessions within those groups were as follows. Group I (Mh-1, Oy-0, Pyl-1 and Tsu-0) had longer primary roots than the other accessions regardless of Mg supply. Group II (Alc-0, JEA, Fjä1-2, N13, Ors-2, PAR5, Tamm-2 and Ull2-5) was characterised by lower biomass production together with fewer and shorter lateral roots compared with other groups. Group III (Bl-1, Cvi-0, Edi-0, Ge-0, Kn-0, Lp2-2, Mt-0, PHW36, Sha, St-0, Ws and Yo-0) and group IV (Akita, Blh-1, Bur-0, Can-0, Col-0, Ct-1, Gre-0, Ita-0, Ler-1, Sakata, Ste-0 and Stw-0) both had comparatively high lateral root numbers and lengths at low Mg supplies (5 and 10 mM Mg); these parameters were higher in group IV at high (>25 mM) Mg supplies.
Correlation between root morphological traits and tissue elemental concentrations
We examined whether root morphology differences among accessions corresponded with changes in tissue elemental concentrations. Previous high-throughput elemental profiling screens identified some accessions with the lowest (Cvi-0, Ors-2, PHW36, Tamm-2 and Yo-0) or the highest (Fjä1-2, Lp2-2, PAR-5, Sha, Ste-0, Ull2-5 and Ws) Mg concentrations in leaf tissues in soil or hydroponic cultures (Supplementary table  S1 ). We measured the ionomic profiles ) of those accessions, together with Col-0, Ler-1 and Pyl-1, in in vitro culture at two contrasting Mg supplies. The average Mg concentration across the 15 accessions was five times lower in root and shoot organs grown at 10 mM Mg than in those grown at 1500 mM Mg (Fig. 4) . Low Mg supply also profoundly altered the root and shoot ionomic profiles. Decreases of as much as -25% in K, P or S concentrations and increases of up to +40% in Ca, Mn or Fe concentrations were observed in Mg-deficient compared with Mg-replete organs (Fig. 4a, b) . At 1500 mM Mg, the following accessions exhibited 40% difference in root Mg concentrations: Col-0 and Cvi-0 (low) v. Yo-0 and Ws (high) (Fig. 4d) . In terms of shoot Mg concentrations, Tamm-2 and Ors-2 (low) v. Ws and Yo-0 (high) were the most contrasting (Fig. 4c) . At 10 mM Mg, differences in tissue Mg concentrations were less marked between accessions (Fig. 4a, b) . Remarkably, Fjä1-2 had consistently lower P, K and S (as much as -60%) as well as higher Ca, Fe and Mn (up to +97%) concentrations in root and shoot tissues at both Mg supplies. The correlation between root morphological traits and ionomic profiles in organs was separately assessed in the two Mg treatments (Fig. 5) . Within those treatment groups, tissue Mg concentration did not significantly (P > 0.1) correlate with any of the root morphological traits. More interestingly, shoot Ca and root P concentrations were correlated (P < 0.05) positively with N LR and SL LR but negatively with L Z3 and L Z4 at 1500 mM Mg. Root Mn concentration was negatively correlated with L PR and L Z4 at 10 mM Mg. Finally, L PR was negatively (P < 0.05) correlated with root Fe concentration at both Mg supplies.
Discussion
It remains unclear why the availability of certain nutrients triggers specific changes to root morphology while other nutrients have less impact, and whether these changes provide adaptive advantages for survival in adverse mineral conditions. Our study extends some initial in vitro observations made with Col-0 (Cristescu et al. 2013; Gruber et al. 2013; Niu et al. 2015) by documenting in other Arabidopsis accessions the diversity of root morphological responses to Mg deficiency. A reduction in overall biomass production was evident across all accessions. This comprised a decrease in root biomass production (Supplementary table S2 ) and an overall reduction in root growth (Fig. 2, Supplementary table S3) . The accessions did not develop any obvious root morphological adaptation to search for Mg in the growth medium, as they would do for two essential macronutrients, N and P (López-Bucio et al. 2003; . Singularly, lateral root outgrowth was not triggered by Mg deficiency, and that could be explained by Mg usually not showing a strong vertical gradient in soil, unlike nitrate or phosphate . However, some genotypes were identified with higher lateral root number and longer root length than Col-0. For example, low Mg supply (5 or 10 mM) exerted less repression on lateral root outgrowth of Bur-0, Ler-1, Sakata, Sha and Ste-0 (belonging to groups III and IV) than of Col-0 (Fig. 3) . Because Arabidopsis populations were collected from geographically distant sites, they may have adapted to different soil conditions. Unfortunately, information is sparse or missing on the mineral profile and structure of soils from which plants were collected. Differences in the root-system architecture observed in vitro (Fig. 2) suggest that the trait could be under environmental selection. Nonetheless, it is not realistic at this stage to speculate further on whether root system architecture holds ecological significance in a low-Mg environment. Previous studies on the natural variation of root system architecture in Arabidopsis revealed a clear trade-off between primary and lateral root elongation during K deficiency (Kellermeier et al. 2013) or high exposure to sodium chloride (Julkowska et al. 2014) . The accessions in the current experiment did not cluster the same way in response to Mg availability (Supplementary fig. S1 ) as in the above-mentioned studies. In K-deficiency conditions, Bl-1, Ct-1, Cvi-0, Ge-0, Mt-0, N13 and Stw-0 had a short primary root and long lateral roots, whereas Col-0, Edi-0, Gre-0, Jea, Kn-0, Ler-1, Mh-1, Pyl-1 and St-0 had the opposite root characteristics (Kellermeier et al. 2013) . During high exposure to sodium chloride, Bur-0, Ct-0 and Cvi-0 showed a reduction of all root traits with a similar impact. Col-0 followed a more severe reduction of primary root than of lateral root length, whereas Blh-1 and tsu-0 showed the opposite (Julkowska et al. 2014) . Under low Mg supply, the accessions did not present such distinct adaptive strategies with prioritisation between primary and lateral root growth (Fig. 2) (Ward et al. 2008; Kellermeier et al. 2013; Julkowska et al. 2014) . This suggests that accessions are genetically programmed to develop different root morphological adaptations in response to various nutritional environments.
Root morphology is closely connected to mineral acquisition and homeostasis (Kellermeier et al. 2014) . We examined whether diverse root system architectures correspond to differences in Mg homeostasis. The root morphological traits that we observed in vitro do not correlate with Mg concentration in tissues among accessions (Fig. 5) . Nonetheless, Mg homeostasis is a complex trait and root system architecture could be one factor that can affect it. Differential transport dynamics for every mineral element have been described along the primary root axis. A few studies on Mg showed that fluxes were higher in the root distal elongation zone of Arabidopsis (Bose et al. 2013) and in the lateral root-developing zone of rice (Kobayashi et al. 2013 ). It will be worth measuring Mg uptake kinetics in different root-zones and to correlate them with root morphological traits of the accessions. However, care must be taken when considering the culture system and plant developmental stage, because these may influence tissue mineral concentrations. For example, on agar plates, Yo-0 had one of the highest shoot Mg concentrations, whereas the opposite was observed in hydroponic culture (Baxter et al. 2012) . Magnesium concentration in the growth medium also affected the root and shoot ionomic profiles (K, P and S positively, and Ca, Mn and Fe negatively), which was in accordance with previous observations on Col-0 accession in hydroponic Mg-deficiency conditions (Hermans et al 2010c) . How root architecture affects plant nutrient status and vice versa is difficult to understand completely. The integration of root morphology and the ionome is scarce in the literature. We identified that responses of root morphology were more related to differences in the shoot Ca and root P concentrations between accessions at high Mg supply (Fig. 5) . Kellermeier et al. (2014) found that during combined N, P and K deficiencies, only Fe tissue concentration negatively correlated with the total size of the root system and the length of the branched zone, matching our observations partially (Fig. 5) .
Conclusion
This report provides some evidence for diverse root morphology across a range of Mg supplies and between natural accessions of Arabidopsis. Low Mg supply resulted in an overall reduction in root growth, but the lateral roots of some accessions were less affected than of others. The root phenotypes identified in this study will be a great resource for identifying genes and alleles controlling the natural variation of the root-system architecture in response to Mg availability. This can be achieved, for example, through linkage and genome-wide association mapping approaches. Fig. 5 . Correlations between root morphological traits and elemental profile variation of Arabidopsis thaliana accessions in response to magnesium (Mg) supply. The correlations are represented by symbols at the intersection of root morphological traits (x-axis) and tissue mineral concentrations (y-axis): circles, positive correlations; squares, negative correlations. The symbol area is proportional to -log 10 (P-value) and filled symbols represent P 0.05. Root morphological parameters are defined in Table 1. analyses and correlations. Q.X. and C.H. prepared mineral samples and K.F. analysed them by ICP. C.H. drafted and all authors revised the manuscript.
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